The finite element model (FEM) of a pentapod offshore wind turbine (OWT) is established in the newly compiled FAST. The dynamic responses of the OWT are analyzed in detail. Further, a tuned mass damper as a passive control strategy is applied in order to reduce the OWT responses under seismic loads. The influence of the tuned mass damper (TMD) locations, mass and control frequencies on the reduction of OWT responses are investigated. A general configuration of TMD can effectively reduce the local and global responses to some degree, but due to the complexity of characteristics of the OWT structure and seismic waves, the single TMD can not obtain consistent controlling effects.
INTRODUCTION
Initially the seismic analysis of onshore wind turbines are researched widely, such as the achievements of Prowell [1, 2] , Asareh [3] , Sadowski [4] and so on. Recently Katsanos [5] summarized the research performed by the scholars around the world, the developing of analysis methods are detailed introduced and the future research are enlightened in the paper. In recent research, Anastasopoulos [6] , Kim [7] and Zheng [8] paid their attention to the responses of the fixed bottom OWT under seismic loads. Anastasopoulos [6] and Kim [7] discussed the nonlinearities of the foundation and substructure of the OWT under seismic loads by using FE method, Zheng [8] mainly focused on the interactions of seismic and wave loads for OWT under combined load cases. The structural responses of the OWT show a significant variation under seismic loads, which may influence the safety of the structure. So the control of structural responses under extreme load conditions should be the key point in the OWT field, and the general passive structural control strategies such as tuned mass damper (TMD), multi tuned mass damper (MTMD), tuned liquid column damper (TLCD) can be considered. Fundamental theories of TMD and MTMD are introduced in detail in [9, 10] , the mass and control frequency of the damper are proved to be the major parameters in optimal TMD design. Recently some scholars applied the TMD and MTMD in the research of vibration control of OWTs, e.g. Dinh [11] , Stewart [12] and Lackner [13] investigated the behaviour of OWTs under operational loads in u are the input vectors of ground displacements, velocities and accelerations, respectively. Both the histories of displacement, velocity and acceleration can be applied in the horizontal and vertical directions in the seismic analysis. Moreover the seismic module can synthesize seismic excitations according to the provided responses spectrum. In the study, the equivalent pile method is used to model the foundation of the OWT, and the bottom of the pile fixed on the seafloor directly.
Load Cases in Seismic Analysis
Firstly, the single seismic excitations are applied in the numerical analysis in order to research the responses of the fixed bottom OWT under earthquake loads. Table 2 lists the load cases and determined TMD control strategies proposed in the analysis. Figure 2 shows the time histories of the applied real recorded seismic excitations in the fore-aft (F-A) direction, such as El centro, Taft, North bridge and Chichi waves. These earthquake recordings are from the database of the Institute of Earthquake Engineering, Dalian University of Technology. Meanwhile, the Fourier amplitude of the seismic waves are showed in Figure 3 . From the figures, the Chichi wave has the highest seismic intensity with the peak ground acceleration (PGA) 0.366g. Both selected seismic excitations have abundant frequency components in the range of 0.1Hz-5Hz, which involves the lower fundamental frequencies of general offshore structures. Basic parameters of the TMD are determined according to the optimal design standards, and the details of the optimal TMDs are listed in Table 5 . The principle theories and optimal design standards of the TMD are introduced in detail in Section 4.
RESPONSES OF OWT UNDER SEISMIC LOADS 3.1. Dynamic Characteristics of OWT
The first two natural frequencies of OWT in F-A direction are 0.300Hz and 0,733Hz, Figure 4 shows the relevant mode shapes of the tower and substructure. The dash line represents the initial position of the OWT, and the solid is the deflected structure.
Structural Responses 3.2.1. Acceleration at the top of the tower
The OWT is in the parked s in the analysis. The total simulation time is 400s, and the seismic waves act on the structure at the time of 150s, Figure 5 shows the histories of acceleration at the tower top under the single seismic excitations. The dominant frequency components of the response are displayed in Figure 6 . The 2 nd structural frequency of 0.733Hz is found to be the dominant frequency of the acceleration at the tower top, but the 1 st structural frequency can have comparable effect on the response under the Chichi wave which has a high seismic intensity, as shown in Figure 6 Table 3 lists the statistics of the accelerations at the tower top under different seismic excitations. The Chichi wave stimulate maximum acceleration at the tower top due to its highest PGA. The accelerations at the tower top are so large under seismic excitations that can affect the operation of the mechanical system in the nacelle, such as the shaft, gearbox [18] . Thus, the acceleration of OWT at the tower top under seismic loads shall be reduced in order to ensure the operation of the OWT. Figure 7 shows the distribution of the normalized maximum tower accelerations along the tower. It can be found that the maximum tower accelerations are in the elevation range of 52.4m and 61.1m under the single seismic excitations. The amplifications of accelerations along the tower under seismic waves are almost same except those under the North bridge wave, while the amplifications of accelerations are nearly identical at the bottom and the top of the tower under the applied seismic 6
Maximum Accelerations along the Tower
Copyright © 2017 by ASME waves. Although the Chichi wave has the highest intensity, but it can't simulate highest tower accelerations, as shown in Figure 7 , only the maximum responses under Taft wave are smaller than the Chichi wave. Figure 8 shows the comparison of Fourier amplitudes of accelerations at the elevation of 8.73m and 52.4m under North bridge wave. From Figure 8 , the first two mode shapes dominate the response of the OWT at the elevation of 8.73m, while the higher frequency components of 3.572Hz and 4.687Hz also have comparable effects on the tower acceleration at the elevation of 52.4m, which excited by the North bridge wave. 
Responses of Base Shear and Bending Moment
The global response of base shear and bending moment at the bottom under pure seismic excitations are shown in Figures 9 and 10, respectively. The maximum and minimum of base shear and bending moment at the bottom are listed in Table 4 . The global responses of base shear and bending moment are related to the PGAs of seismic excitations. The larger the PGAs are, the stronger the responses are. Meanwhile, the dynamic amplifications of the OWT are different under different seismic excitations due to spectral characteristics.
For the fixed bottom OWT, the global responses at the bottom are key parameters for structure safety assessment and optimization design. If the global responses under extreme load conditions are reduced to the allowable ranges by the application of proper structural control strategies, not only the operation stability but also the economy of the OWT will be improved significantly. Moreover, the fatigue life of OWT can also be extended due to the reducing of structural responses.
On the other hand, the structural responses of OWT under seismic loads are very different from the general buildings, so the effectiveness of the generalized control methods on the OWTs should be researched, such as the passive control strategy which applied widely in infrastructure engineering. 
PASSIVE CONTROL OF OWT
According to the introduction in Section 3, dynamic effects of OWT under seismic excitations is significant. The vibration control strategies such as TMD are necessary to control the structural responses and protect the OWT for the earthquakes.
Numerical Model of TMD
The Kane's dynamics is applied in FAST to derive the equations of motion, a detailed description about the relevant theories and governing equations can refer to [19, 20] . The TMD control method applied to OWT and embedded in FAST was presented in [13] . For a multi DOFs system, the equation of motion can be expressed in terms of Kane's theory.
where K is the amount of generalized DOFs; Figure 11 . According to numerical analysis under seismic excitations, the first two mode shapes dominate the structural responses. So the first two fundamental frequencies are determined as the control frequency of TMD. The determination of the optimal TMDs is based on the optimal standards as expressed in Equation 15 and 16 [22, 23] . Copyright © 2017 by ASME Figures 12 and 13 show the control effects of TMD on the accelerations at the tower top, and Figure 14 shows the relevant variation in the frequency domain. Moreover Tables 6-9 list the reduction of the statistics of tower accelerations under different seismic excitations, in which Δ is the percentage of the response reduction. From Figure 12 , the control effect of TMD can be divided into two phases. The first is the initial action of the TMD, such as the responses in 150s -170s in Figure 12 (a) , and the second is the continual action in the rest time of seismic excitation. In the first stage, only the damping result in controlling the acceleration at the tower top, thus, the control effect is insignificant. With the gradual activation of TMD, the inertial force of the TMD increases obviously in the second stage, so the responses of the structure decrease significantly under the combined inertial and damping forces. Furthermore, it can be seen that the optimal TMD has more significant effects on the acceleration at the tower top from Figure  12 and 13, which can be attributed to the selection of the control frequencies of TMD. Based on the dynamic responses of the OWT, the control frequency of TMD is determined as 0.300Hz and 0.733Hz, namely, the first two fundamental frequencies of the OWT. The variation of Fourier amplitude of the acceleration at the tower top in Figure 14 also exhibits the control effect of TMD, which the amplitude of the second order frequency decrease significantly under the tower base TMD. On the other hand, the dominant frequency of the maximum tower acceleration is 2.467Hz which is beyond the control frequency of TMD. So the maximum tower acceleration can't show a significant reduction. According to the statistics in Tables 6-9 , it can be seen that the TMD 03 is the most effective control method for controlling the acceleration at the tower top under the El centro, North bridge and Chichi waves, while the damper of TMD 06 is the most effective under the Taft seismic excitation. For the TMD 01-03, the damper is located at the top of tower with an increasing mass ratio. The reductions of responses under El centro, North bridge and Chichi seismic waves become more and more obvious with the increased TMD mass. For the Taft wave, the TMD arranged at the tower base is more effective than the TMD at the tower top, and the decreasing ratio can be as large as 29.03%. It also should be noted that although TMD installed on both the top and based of the tower can reduce the statistics of the accelerations at the tower top to some degree, but the above TMD layouts can not control the maximum acceleration of the tower effectively. So arrange single TMD can not control the acceleration responses of the OWT comprehensively under seismic excitations, and the mass and locations of TMD are key parameters for the control effects. Copyright © 2017 by ASME 
Control Effect of Accelerations at the Tower Top

TMD Control of Base Shear and Bending Moment
Reduce the global responses of base shear and bending moment is another key point in the vibration control of the OWT. Figure 15 (a). While the control effects are rather insignificant under Chichi wave, the time history shows an obvious reduction after 185s, which lag behind the activate time of the other seismic excitations. The larger PGA and more activated frequencies under high seismic intensity may limit the control effects of TMD under Chichi wave. For the base shear and bending moment, the TMD located at the tower base has better control effects than the TMD arranged at the tower top under El centro and Taft seismic waves based on the statistics in Tables 10 and 11 . For the OWT under El centro wave, the TMD at the tower top may magnify the base shear to some degree. The single TMD barely has no effects on the global responses under North bridge seismic wave, and the TMD at the tower base even increase the base shear as the listed statistics in Table 12 . According to Table 13 , both the TMDs at the tower top and tower base can control the bending moment under Chichi wave, but the former is better. But the variation of base shear is more complex, such as TMD at the tower base can reduce the maximum value of the base shear effectively, but it also can amplify the minimum value. So it is very hard to control the global responses comprehensively under different seismic excitations base on the previous introduction. Firstly, the determination of TMD locations, different locations has various effects on the global response. If the TMD arranged at an unsuitable place, it may can not reduce the response, but may magnify it. Another key parameter is the control frequency of the TMD, if the TMD involves the natural frequency of the OWT, it can achieve a better control effect with
12
Copyright © 2017 by ASME a small mass ratio. (1) Higher frequency components can be involved under seismic excitations, which can amplify the local structural responses, such as the accelerations along the tower.
(2) Nacelle is a suitable place to arrange TMD to reduce the acceleration at the tower top under seismic excitations, but for the maximum acceleration of the tower, the control effects are insignificant. The present work mainly deal with the TMD control of OWTs under pure seismic excitations. The applicability of TMD under the combined seismic, wind and wave loads will be studied in future research. Furthermore, multiple tuned mass damper (MTMD) will be applied in the seismic analysis of OWT with the intention of reducing the structural responses comprehensively.
